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INTRODUCTION 

Eff ic ien t  c a t a l y t i c  processes a r e  the key t o  successful  and economical coal 
gas i f ica t ion .  With s u i t a b l e  c a t a l y s t s ,  g a s i f i c a t i o n  r a t e s  can be s i g n i f i c a n t l y  
enhanced o r  the process can be operated a t  s u b s t a n t i a l l y  lower temperatures. The 
importance o f  a l k a l i e s  and a lka l ine  ear ths  as  c a t a l y s t s  f o r  g a s i f i c a t i o n  process 
i s  well known ( 1 , Z ) .  For over a century a l k a l i  addi t ives  such as c a u s t i c  soda 
and/or lime have been used t o  promote the reac t ions  of  steam and a i r  with coal and 
charcoal ( 3 ) .  Ca and Na occur na tura l ly  i n  macerals of  l i g n i t e s  in a highly 
dispersed form t h a t  i s  as c lose  t o  an ideal c a t a l y s t  d i spers ion  a s  possible  ( 4 , 5 ) .  
Cata ly t ic  e f f e c t s  of a l k a l i e s  on t h e  g a s i f i c a t i o n  r a t e s  f o r  coal (6,7), char  (8,9), 
graphi te  ( 1 0 , l l )  and wood (12)  have been invest igated.  Enhanced g a s i f i c a t i o n  r a t e s  
o f  >IO times has  been observed w i t h  Ca r ich  l i g n i t e s  compared with base l i g n i t e  from 
which Ca has been removed (13).  However, the  exact r o l e  played by these c a t a l y s t s  
i s  not y e t  c l e a r l y  understood. Hence there  i s  considerable  i n t e r e s t  i n  the 
s t r u c t u r a l  forms of these c a t a l y s t s  in t h e i r  dispersed s t a t e ,  a f t e r  pyrolysis ,  
during g a s i f i c a t i o n  and a f t e r  react ion.  Determination of  c a t a l y s t  s t r u c t u r e s  a t  
these  various s tages  has proven d i f f i c u l t  because of  the high d ispers ion  (of ten 
molecular) and r e l a t i v e l y  very low c a t a l y s t  concentrat ions (=1-2%). 

XAFS (X-Ray Absorption Fine S t ruc ture)  spectroscopy i s  a powerful s t r u c t u r a l  
analysis  technique t h a t  has u n i q u e  a b i l i t y  t o  focus on only one element and provide 
information about i t s  bonding and the  shor t  range s t r u c t u r e .  I t  i s  capable  of 
providing exce l len t  s ignal  t o  noise r a t i o  a t  d i l u t e  concentrat ions and a t  e levated 
temperatures. I t  i s  i d e a l l y  su i ted  f o r  coal as i t  can g ive  information on the 
element o f  i n t e r e s t  a t  concentrat ions as low as 100 ppm without e labora te  sample 
preparat ion (14) .  I n  theory,  XAFS analysis  can be c a r r i e d  out  f o r  any element o f  
i n t e r e s t .  However, due t o  X-ray a t tenuat ion  problems, XAFS has been successful only 
f o r  elements above S in t h e  per iodic  t a b l e  without good vacuum condi t ions.  Thus, 
even though Na i s  an important element in  coal g a s i f i c a t i o n ,  i t  has not been 
d i r e c t l y  analyzed. Ca and K are  the  two most important elements of i n t e r e s t  in  coal 
t h a t  have been s tudied  using XAFS analysis .  

CCSEM (Computer Controlled Scanning Electron Microscopy) can be used t o  
monitor t h e  physical dispers ion of the c a t a l y s t s  i n  the samples which have 
undergone advanced s tages  of  pyrolysis  and g a s i f i c a t i o n .  CCSEM can measure t h e  s izes  
and compositionss of about 500 p a r t i c l e s  per hour enabling q u a n t i t a t i v e  measurements 
of s i z e d i s t r i b u t i o n s  and weight d i s t r i b u t i o n s  of inorganic  phases i n  coal and chars 
(15). 

30 



EXPER I MENTAL 

XAFS spectroscopy was performed at SSRL during dedicated running conditions. 
A pure He path to the sample was employed to minimize attenuation of X-rays. 
Spectra were recorded from =IO0 eV below to =500 eV above the K edges of Ca and K 
in coal using a double crystal Si (111) monochromator. The fluorescent X-rays were 
measured by a Stern-Heald type detector (16). The in-situ experiments were carried 
out in a specially designed furnace (17). Data was collected on a POP 11/23 
computer and analyzed on a MicroVax I1  at the University of Kentucky. Calcite and 
KC1 were used as primary standards for calibration purposes for Ca and K re- 
specti vel y . 

Ca loaded chars were prepared and measured for reactivity by Radovic et al. 
from a Ca rich lignite (Falkirk, NO) and from ion-exchangeable phenol formaldehyde 
polymer (18). Chars were prepared by slow (up to 1 hr) and rapid ( entrained flow 
reactor, residence time = 0 . 3  sec) pyrolysis at 800 and lOOO’C in N, atmosphere. 

I 

I’ 
t 

RESULTS 

As reported earlier, XAFS on lignites without any heat exposure showed that 
Ca is bonded to carboxyl groups and is molecularly dispersed throughout the lignite 
macerals ( 4 , s ) .  Fourier transformation of EXAFS provides a radial structure function 
(RSF) which is closely related to the radial distribution of the shells of 
neighboring atoms of the central absorbing atom (19,ZO). Fig. 1 shows several such 
RSFs. In CaO the nearest neighbor shell of central Ca atom is made up of oxygen 
atoms at 2.4 A and then there are shells of Ca, 0, Ca, Ca and Ca at about 3.4, 4.0, 
4.8, 5.9 and 6.8 A respectively. These values agree very well with values 
determined bas’ed on NaCl -type structure. 

In the Ca-loaded lignite RSF, however, there is only one major peak at approx- 
imately 2 . 4  A due to the nearest oxygen shell. This is due to non-crystallinity 
and highly dispersed state of Ca atoms in the lignite macerals. After rapid 
pyrolysis of this lignite, the RSF does not change significantly. At the 
temperature conditions used in rapid pyrolysis treatment, the carboxyl groups should 
be driven off. However, even under such conditions, the nearest neighbor oxygen 
shell surrounding Ca is virtually unchanged. Moreover, lack of any detectable 
neighbor shells at longer distances indicate that Ca must still be in a highly 
dispersed state in the devolatalized, non crystalline char matrix. As the severity 
of pyrolysis increased (either increasing time or temperature or both), two 
processes take place: [l] Carboxyl groups start breaking up as the char de- 
volatalizes. In the nearest neighbor shell of Ca, number of 0 atoms decreases (21). 
The second shell distance also moves towards that o f  the Ca-Ca distance in Ca-0 and 
away from the Ca-C distance in the carboxyl groups ( 2 2 ) .  [2] Ca atoms become more 
mobile and start agglomeration. This clustering results in longer range order. 
Thus, as shown in Fig. 1, with slow pyrolysis treatment, the RSF looks increasingly 
like the CaO RSF as the intensity due to shells o f  atoms further away increases. 
Even after slow pyrolysis treatment, there is some Ca left in the dispersed state 
in the matrix. This is evident in Fig.10 as a major peak of the nearest 0 shell 
like that in the untreated coal. Since Ca atoms are no much less dispersed, the 
effective surface area of the catalytic sites is reduced dramatically. This 
directly influences the reactivity in the gasification process. 

To study the onset of this transformation, in-situ experiments were designed 
( 2 3 ) .  Samples of coal and char loaded with Ca were heated while XAFS spectra were 
measured. To simulate pyrolysis, initially only He was flowing through the in-situ 
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furnace. After  heat ing t o  about SOO'C,  90% He - 10% 0 was introduced to  s imulate  
g a s i f i c a t i o n .  Unfortunately, due to  furnace hea ter  capa:ity l i m i t a t i o n s ,  the samples 
could be heated only u p  t o  SOO'C and the  experiment could n o t  be car r ied  out t o  
a t t a i n  the s t a t e  of slow pyro lys is  as mentioned above. Due t o  this  l i m i t a t i o n  only 
condi t ions of very mild pyro lys i s  were simulated and as expected no major changes 
in  RSF were detected i n  t h i s  type of experiments. 

Fig. 2 shows a s e r i e s  of XANES spec t ra  as a funct ion of  heat ing condi t ions.  
As t h e  temperature i s  increased,  t h e r e  i s  some broadening and loss of  reso lu t ion  
of t h e  XANES fea tures .  There a r e  no s i g n i f i c a n t  peak s h i f t s ,  peak removal o r  new 
peak appearance. Introduct ion of oxygen in to  the  in-situ c e l l ,  to  simulate 
g a s i f i c a t i o n ,  accelerated these  changes only very s l i g h t l y .  A small pre-edge peak 
i n t e n s i f i e s  and grows with heat  t reatment .  This peak, presumably, represents  a 
t r a n s i t i o n  of the  photoelectron from 1s t o  a hybridized 3d/2p level  formed by Ca 
t o  0 bonding. The i n t e n s i t y  of  t h i s  peak may, therefore ,  be ind ica t ive  of  the 
degree of l o s s  of carboxyl molecules and Ca-0 c l u s t e r i n g  t o  reach t h e  f i n a l  stage 
of CaO. An edge f i t t i n g  computer program was used t o  generate  the XANES by using 
t h e  sum of a s tep  and several  Lorentzian funct ions (24). Thus  each fea ture  of XANES 
can be i so la ted  and s tudied separa te ly .  Fig.3 shows t h e  area of t h i s  pre-edge peak 
a s  a function of heat ing condi t ions.  The pre-edge fea ture  i n t e n s i t y  may vary with 
t h e  symmetry of  the s i t e  (25) and i t  i s  possible  t h a t  the Ca s i t e  becomes more 
asymmetric with pyrolysis .  

Fig.4 shows a s e r i e s  of XANES spec t ra  of K loaded char  a t  d i f f e r i n g  heating 
condi t ions.  Unlike Ca, the XANES spec t ra  of K loaded char  ind ica te  a d i s t i n c t  
transformation leading t o  a p o s s i b i l i t y  of phase change. On switching from 
pyrolysis  t o  g a s i f i c a t i o n  condi t ions,  K dispersed i n  t h e  coal char rapidly 
agglomerates and forms K,C03 which does not undergo any f u r t h e r  transformation under 
the  mild g a s i f i c a t i o n  condi t ions of our experiments. 

CCSEM ana lys i s  i s  not  well su i ted  f o r  the  e a r l y  s tages  of pyro lys i s  and 
gas i f ica t ion  as the c a t a l y t i c  species  a r e  very f i n e  and uniformly dispersed.  
However, i n  advanced s tages  of g a s i f i c a t i o n ,  when the  agglomeration of c a t a l y s t s  
occurs ,  CCSEM methods can be used. Present ly ,  we a r e  working with the severely 
pyrolyzed and ash samples. In 
t h i s  way we can d i r e c t l y  observe the d i s c r e t e  inorganic p a r t i c l e s  and the dispersed 
c a t a l y s t s  i n  organic  phase ( 2 6 ) .  With pyrolysis  and g a s i f i c a t i o n ,  we can s tudy the 
agglomeration and reac t ions  of both these  phases. Ternary phase diagrams give 
f u r t h e r  ins ight  in t h i s  type  of react ions ( 2 7 ) .  

CONCLUSIONS 

X-ray mapping fea ture  of CCSEM i s  very promising. 

XAFS spectroscopy is  an exce l len t  method t o  i n v e s t i g a t e  s t r u c t u r e  o f  Ca and 
K c a t a l y s t s .  Ca agglomerates during pyrolysis  and g a s i f i c a t i o n  a t  high 
temperatures. I t  forms CaO p a r t i c l e s  under slow pyro lys is  condi t ions.  In-s i tu  
methods can be used t o  s tudy th i s  in  f u r t h e r  d e t a i l .  Carboxyl-bound K in l i g n i t e s  
forms K2C0, during g a s i f i c a t i o n  but does not exhib i t  any major changes under mild 
pyrolysis  and g a s i f i c a t i o n  condi t ions.  CCSEM i s  an exce l len t  tool  f o r  analyzing 
agglomeration and c l u s t e r i n g  a t  advanced s tages  of g a s i f i c a t i o n .  X-ray mapping 
provides d i r e c t  evidence of  presence of b u l k  d i s c r e t e  mineral phases and dispersed 
c a t a l y t i c  spec ies  i n  t h e  matrix. Agglomeration and reac t ion  o f  these  phases can 
be d i r e c t l y  observed w i t h  t h i s  t o o l .  
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Fig. 1 Radial S t r u c t u r e  Function o f  Ca K-edge EXAFS. ( A )  Ca loaded Fa lk i rk  l i g n i t e ;  
(B)  CaO; ( C ) , L i g n i t e  char  a f t e r  Rapid pyro lys i s  a t  1 O O O C ;  ( D )  Ligni te  char  a f t e r  
slow pyro lys is  a t  1 O O O C .  
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Fig. 2 In-s i tu  XANES s p e c t r a  o f  Ca-loaded l i g n i t e  under He and then 10%02-90%He 
atmosphere a t  varying pyro lys i s /gas i f ica t ion  condi t ions.  
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